An in-house deconvolution/deisotoping program was designed to assist in the automatic HS sequencing using HS-SEQ. The whole process was divided into envelop detection and envelop optimization stage, as discussed by Liu et. al. (1), with harmonics considered. In the envelop detection stage, the program iterated through the peak list, and tried to identify candidate isotopic clusters, while in the envelop optimization stage, the program considered the overlapping of clusters which altered the shape of isotopic distributions and tried to resolve the problem.
Da. These values were estimated using non-sulfated HS disaccharide unit.  is a nonnegative integer, which represents the number of sulfate groups carried by the ion. Note that the component of SO 3 was separated from the rest of the composition due to the mass defect caused by sulfur. The existence of sulfur led to the splitting of A+n (n > 1) HS sequencing algorithm 2 isotopic peaks in high resolution tandem mass spectra and significantly affected the actual isotopic distribution. Parameter  can control the influence of SO 3 on the isotopic distribution.
The program iterated over the peak list; it treated each peak it met as a potential monoisotopic peak, enumerated all possible charge states to find candidate envelops, and explored the sulfur numbers  to optimize the fitting between the theoretical isotopic distribution (3) and the candidate envelops. The S/N threshold was set to 10 for the most abundant peak (also the monoisotopic peak in HS tandem mass spectra) in a candidate envelope, and 5 for the rest of the isotope peaks.
The program produced two files, one contained a list of monoisotopic peaks with identified charge states, and the other contained a list of suspicious monoisotopic peaks with no charge information due to their low abundances and incomplete isotopic cluster patterns. HS-SEQ only took the former as input.
Generation of top candidates
The generated modification distribution can be easily converted to a list of top candidate sequences. The underlying idea of the implementation is that for any candidate HS sequence l (except for the worst one), the best suboptimal sequences with respect to sequence l can be generated directly with no enumeration of all candidate sequences.
Take sulfation distribution for example. The distribution in HS-SEQ is expressed as an ordered list of digits showing the likelihood of sulfation across all potential sulfation sites. For precursor sequence with n sulfate groups, the top m candidate sequences can be generated in the following steps (supplemental Fig. S1 ):
1. All sites are sorted by their sulfation likelihood values in a descending order. The statuses of the top n candidate sites are set as occupied, and the rest as unoccupied (supplemental Fig. A) . Since the number n is pre-defined in the precursor composition, this configuration (occupied/unoccupied) guarantees that the sum of the likelihood of all occupied sites (referred to as likelihood sum) is the largest among all choices. Note that the configuration of the complete candidate sulfation sites in fact represents the whole HS sequence. The configuration that produces the largest likelihood sum corresponds to the optimal sequence, which was denoted as l.
2. In sequence l, if an occupied site stays left to an unoccupied one, the former site is flagged as a frontier. Swapping the status between an occupied site and an unoccupied site maintains the balance of site numbers between occupied and unoccupied sites, and thereby generates an alternative sequence. Swapping the status between a frontier and any unoccupied sites on its right decreases the likelihood sum, and the decreased value for this frontier is minimized when the swap occurred between the frontier and its right neighbor. There might be more than one frontier on sequence l, and each frontier is associated with a minimized decreases value through swapping with its right neighbor. 3. Take sequence l' as the new optimal sequence, and go to step 2 to find the next suboptimal sequence. Repeat the process until all m candidate sequences are generated.
Based on the NETD tandem spectra we tested, cross-ring cleavages had a large chance of losing sulfate groups. As a result, HS-SEQ might incorrectly identify the sulfation positions within GlcN residues but predict correctly for the total number of sulfate groups for the same residues. The selection of best swapping option discussed in step 2 might be adjusted according to the actual sulfate loss situation. For the NETD data that we worked on, swapping status between sites within the same residues may be preferred to swapping between sites that causes the minimum decrease of the likelihood sum but came from different residues. Generating the optimal candidate sequence from the modification distribution. For an HS sequence with n SO 3 groups, the optimal candidate #1 is selected by setting the top n candidate sites which are closest to 1 as "occupied" sites, while setting the rest as Red star denotes the occupied site in the true sequence. Grey bar denotes the candidate site for sulfation. The error bar indicates the standard error. For sequence #1, sulfate number on each residue was correctly characterized. However, sulfation on site 0-6 was given lower likelihood value than site 0-3. were correctly characterized. However, sulfation on site 3-6 was given lower likelihood value than site 3-3. Red star denotes the "occupied" status of modification sites. Grey bar denotes the candidate site for sulfation. The error bar indicates the standard error. For sequence #7, the sulfate number on each residue was correctly characterized. However, sulfation on 1-2 was given lower likelihood value than 1-3. Red star denotes occupied site in the true sequence. Grey bar denotes the candidate site for sulfation. The error bar indicates the standard error. Note that the information was not sufficient to identify the exact three sulfation positions among site 2-2, 3-2, 3-3, 3-6, since the likelihood of site 3-2, 3-3, 3-6 to be assigned with two sulfate groups was equal to the likelihood of site 2-2 with one sulfate group. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Red arrow denotes the score of the true sequence. Note that there was no "golden pair"
recorded for the spectra.
